ABSTRACT The atypical structure and behavior of dinoflagellate chromosomes suggests that the genetics of these organisms might show comparable peculiarities. We have begun genetic analysis of the neritic, marine heterotroph Crypthecodinium (Gyrodinium) cohnii by means of motility mutants that show complementation shortly after zygote formation, permitting identification of heterozygotes. Six mutations, conferring four microscopically distinguishable phenotypes, have been isolated and investigated.
The chromosomes of dinoflagellates differ from those of typical eukaryotes in several ways. They have no histones (1) and their appearance under the electron microscope is unique with thin DNA strands in a complex, coiled condition, which remains unchanged throughout interphase and mitosis (2) . Furthermore, during mitosis, the chromosomes attach to the nuclear membrane rather than to the spindle directly, so that no ordinary centromere exists (3) . The recent demonstration of sexuality and genetic recombination in the hardy, marine heterotroph Crypthecodinium cohnii (4, 5) offers the possibility of studying the behavior of these chromosomes by genetic analysis. Several questions may be answered by this approach, among which are: Is there evidence of a classical meiosis? Does regular Mendelian segregation occur? Is there genetic evidence of polyploidy or polyteny, concerning which there has been controversy (6, 
7)?
Our first report (4) included preliminary evidence of an unusual segregation. We have extended the analysis to six motility determinants, and the results to be presented indicate a regular segregation of genetic information in a 1:1 ratio, inconsistent with segregation patterns given by cytoplasmic inheritance or by polyploid meiosis. The segregation of these markers differs, however, from classical meiosis in that it appears to result from a single division of the zygotic cyst. This division may or may not be followed by one 
RESULTS
The word tetrad will be used to denote the division products of a zygotic cyst, which, like a vegetative one (9), usually contains two, four, or eight cells. Feulgen-stained preparations show no obvious differences between these cysts and the vegetative ones. When isolating tetrads, we occasionally found sixteen cells which undoubtedly arose from one or more mitoses following release of progeny from the cyst. This may also be true of some of the eight-celled tetrads, but in three cases where zygotes were observed at hourly intervals, the eight cells were produced directly without intervening two-or four-cell stages. While nuclei could not be observed in these living cells, Feulgen-stained preparations (4) have indicated that such cells probably proceed through two-, four-, and eight-nucleate stages before emerging as eight cells.
The genetic findings to be presented were obtained from crosses among five mutant strains, fm 1, 2, 13, 17, and 19, and their progeny. When fm 1 and fm 2 were crossed, two kinds of segregations were observed: one consisted of parental phenotypes in a 1:1 ratio (parental ditype) and the other consisted of wild-type and assumed "double mutant" cells (4), an assumption that seemed justified by the finding that these complemented neither parent. When the segregants from the parental ditype tetrads were backcrossed, the results shown in Table la indicated that more than one type of segregation had occurred and that the constitution of the parental strains was not so simple as had been supposed. Only Type I was actually a parental ditype. A three-gene model designed to accommodate the different backcross results predicted that the Type II "parental ditypes" were of two kinds (Table lb) . This prediction was fulfilled when the segregants were tested for complementation in all combinations. The results are presented in Table 2 . fm 13, 17 and 19 were crossed with each other and with segregants containing a, b, and c singly or in combination. Complementation results, given in Table 3 , indicate that each of the three mutants contained a new lesion; these three were accordingly designated d, e, and f. It can be seen that fm 19 also carried the a factor.
Among the mutants and segregants were some whose complementation pattern showed them to be singly marked. These were used as tester strains in establishing the genotypes of other mutants and segregants in terms of a sixfactor model. Characterizations of 10 mutants and representative segregants are presented in Table 4 . It can be seen from the phenotypes that the factors exhibit epistasis in the following order: e > d and f > c > a and b.
Clones containing various combinations of the six genes were crossed and their tetrads were analyzed using the tester strains. Table 5 shows the frequency with which different tetrad types occurred in two crosses. The results indicate: (1) all the genes were recovered; (2) although 2-and 8-celled zygotic cysts were infrequent, they showed no qualitative differences from four-celled cysts; (3) in no case were recombinant and parental genotypes recovered from a single cyst, i.e., no tetratypes were found. Occasionally, however, reversion to wild type occurred in a clone of a segregant. This produced a "tritype" with two segregant clones of one genotype, a third of complementary genotype, and one containing wild-type cells. These wild-type cells were present, however, as a minority in an otherwise mutant population of cells, which, when isolated and tested, were found to possess the genotype expected of the fourth segregant. Table 6 has been calculated from the data presented in Table 5 to show segregations of two genes at a time. It can be seen that all the genes, with the possible exception of b and e, show independent assortment. Recombination between b and e is rare enough to suggest linkage with a high frequency of crossing over. Clearly more data are needed to prove or disprove this critical point. Many crosses in addition to those presented in Tables 5   and 6 , involving the f factor as well as a to e, have been analyzed. In over 200 tetrads and over 1000 segregants tested no second division segregation has been observed nor any exception found to the proposed six-gene complementation model.
DISCUSSION
An interpretation of the present findings in classical genetic terms is possibly premature or inappropriate, but will be attempted nevertheless for heuristic reasons. The regularity of segregation of our markers, with no loss of information as in other unusual segregations (10, 11) , suggests that division of the zygotic cyst is orderly, comparable to homologue separation in meiosis. A possible physical basis for this regularity may be provided by the nuclear membrane attachment sites of the chromosomes (3, 12) . These attachment sites may prove to be involved in pairing, somewhat analogous to the attachment of the synaptonemal complex to the nuclear membrane in conventional meiosis (13, 14) , although at present there is no such evidence. In classical meiosis, the production of only two types of segregants (i.e., segregation at the first division only) could result either from complete absence of crossing over or from close centromere linkage. Precedent exists, however, for another explanation: segregation in C. cohnii could occur in one division, prior to chromosome replication. Cleveland (15) Evidence that reduction in C. cohnii does not employ a second meiotic division may be provided by the two-celled zygotic cysts, many of which show recombination (see Table  5 ). Also the finding of eight-celled cysts (i.e., three divisions)
indicates that reduction is not restricted to a conventional two-step meiosis. Strong support for a one-step meiosis awaits more convincing evidence of linkage and crossing over, which would simultaneously eliminate the other two Piroc. Nat. Acad. Sci. USA 72 (1975) Proc. Nat. Acad. Sci. USA 72 (1975) 4549 Table 6 . Calculated frequencies from data of 
